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a  b  s  t  r  a  c  t
Traits  related  to head  shape,  including  Hvd  (head  vertical  diameter),  Htd  (head  transverse  diameter),  and
Hsi (head  shape  index,  the  ratio of  Hvd/Htd),  are  very  important  agronomic  traits  associated  with  both
yield  and  quality  in  cabbage  (Brassica  oleracea  var. capitata  L.). However,  reports  of inheritance  analysis
and  quantitative  trait  locus  (QTL)  mapping  of  these  traits  remain  rare.  In this  study,  a double  haploid
(DH)  population  with  130 lines  constructed  from  a cross  between  24-5  (inbred  line, oblate  head)  ×  01-
88  (inbred  line,  round  head)  was  used  to  analyze  inheritance  and to  detect  QTLs  related  to  Htd  and  Hsi
using  major  gene  plus  polygene  mixed  inheritance  analysis  and  inclusive  composite  interval  mapping
(ICIM).  The  results  indicated  that  Htd was  controlled  by  two independent  major  genes  and  polygenes  with
recessive-epistatic  effects.  Hsi  was  controlled  by two  linkage  major  genes  and  polygenes  with  cumulative
effects.  A  genetic  linkage  map  with  48 insertions  or deletions  (InDel)  and  149  simple  sequence  repeat
(SSR)  markers  was constructed  based  on  the DH population,  with  a total  length  of  866.2  cM  and an  average
interval  length  of  4.40  cM.  Fourteen  QTLs  for Htd and  Hsi  were  identiﬁed  on six  chromosomes  based  on
two  years  of phenotypic  data  with  ICIM.  Ten  of  the  QTLs  explained  greater  than  10.0%  of the  phenotypic
variance,  and  ﬁve  QTLs  could  be repeatedly  detected  in two  years.  For  Htd,  two  major  QTLs,  Htd  3.1
and  Htd  8.1,  explained  19.16–24.56%  and  11.25–21.55%  of  the  phenotypic  variation  in  the  two  years,
respectively.  For  Hsi,  two  major  QTLs,  Hsi  7.1  and  Hsi  7.2,  explained  22.30–24.93%  and  14.85–16.79% of
phenotypic  variation  in  the  two  years,  respectively.  The  results  from  QTL  mapping  and  genetic  analysis
in  both  years  were  partially  consistent  and  complemented  each  other.  Our results  provide  a  foundation
for  further  research  on  genetic  regulation,  gene  cloning  and  molecular  marker-assisted  selection  (MAS)
for  head  shape  in  cabbage.
©  2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Cabbage (Brassica oleracea var. capitata L.) is an economically
mportant vegetable crop that is cultivated and consumed world-
ide. Leafy heads of cabbage are harvested as commodities and
dible organs. The head shape is an important appraisal index for
arket grading, classiﬁcation and quality evaluation as well as
n important component of the quality of cabbage. Cabbage has
any types of head shape, including oblate, highly oblate, round,
ighly round, blunt-pointed, and pointed. Requirements for cab-
age head shape vary in different areas with different cultivation
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
patterns and consumption habits. Although it is simple and intu-
itive, shape description is easily affected by subjective judgment.
Khambanonda (1950) ﬁrst put forward the ‘fruit shape index’ (ratio
of length and width) used to describe the fruit shape of red pep-
per. Compared with the traditional phenotypic description, the fruit
shape index was a breakthrough because it was  based on quantita-
tive analysis (Qiao et al., 2011). At present, studies of fruit shape
have focused on solanaceous vegetables, including tomato (Van
der Knaap and Tanksley, 2003; Cong et al., 2008; Grandillo et al.,
2015), eggplant (Nunome et al., 2001; Doganlar et al., 2002; Qiao
et al., 2012), pepper (Chaim et al., 2001; Zygier et al., 2005; Barchi
et al., 2009) and cucurbitaceous vegetables, including cucumber
(Wenzel et al., 1995; Fazio et al., 2003; Yuan et al., 2008). Many
quantitative trait loci (QTLs) underlying fruit shape-related traits
have been mapped in these vegetables. For Brassica rapa, some
QTLs for head height-to-diameter ratio (HHD) and head diameter
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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HD) were detected repeatedly (Yu et al., 2013). Mao  et al. (2014)
ound that the expression of PCF transcription factor 4 (BrpTCP4)
as associated with head shape in Brassica rapa.
For genetic analysis of head shape in cabbage, previous stud-
es indicate that the inheritance of a pointed head was dominant to
ound head, and many genetic factors were involved in determining
he shapes of heads (Yarnell, 1956). Lei et al. (1994) found that the
nheritance of head vertical diameter and head transverse diam-
ter of cabbage were super-dominant and controlled by multiple
enes. Fang et al. (2011) discovered that head transverse diameter
nd head shape index had high heritabilities of 95.43% and 89.84%,
espectively, and head vertical diameter had low heritability of only
2.52%. Lv et al. (2014) mapped eight QTLs for head vertical diame-
er on chromosomes 1–3, 5, and 6, and these QTLs explained 38.5%,
9.3%, and 28.3% of the phenotypic variation in three seasons. How-
ver, no QTL studies for head transverse diameter and head shape
ndex in cabbage have been reported to date.
In this study, a DH population that consists of 130 lines from a
ross between 24-5 and 01-88 was developed and further be used
o perform genetic analysis according to mixed gene and poly-gene
enetic models (Gai et al., 2003). We  also designed simple sequence
epeat (SSR) and insertion or deletion (InDel) markers to construct
 linkage map  using the DH population. Based on the map  and two
ears of phenotypic data, we sought to identify signiﬁcant QTLs
ssociated with head shape traits, which would be helpful for better
nderstanding the genetic basis of these traits and MAS  for cabbage
reeders.
. Materials and methods
.1. Plant materials and ﬁeld experiments
The female parent 24-5 (P1) was from a high-generation inbred
ine with an oblate head, originating from the landrace ‘huang miao’
f Northern China. The male parent 01-88 (P2) was  a cabbage from
 high-generation inbred line with a round head, originating from
 Canadian spring-early-maturing cultivar (Fig. 1). Then, 24-5 was
rossed with 01-88 to generate F1 plants. The DH population con-
isted of 130 DH lines derived from the F1 plants through isolated
icro-spores cultures (Yuan et al., 2011, 2012).
All generations were cultivated in the experimental ﬁeld ofhangping District (Beijing, China) in the autumns of 2013 and
014. The parental, F1 and RF1 (01–88 × 24-5) lines were planted
n a randomized complete block design with three replicates, and
ach replicate contained 48 plants. For the DH population, a block
Fig. 1. The difference between parents in head shape traits. (A) The female parent 2lturae 207 (2016) 82–88 83
in replication design was  adopted with three replicates (Su et al.,
2015) for two  years. Each replicate consisted of 16 plants.
2.2. Phenotypic evaluation and statistical analysis
In each replicate, ﬁve plants with consistent growth potential
were selected for phenotypic evaluation at maturity. The head-
shape traits were evaluated according to the following standards (Li
and Fang, 2007): head vertical diameter (Hvd), which is the height
from the base to the top of a mature head; head transverse diame-
ter (Htd), which is the widest length of the mature head; and head
shape index (Hsi, the ratio of Hvd to Htd). The data were analyzed
with SAS8.1 and SPSS12.0 (SPSS Inc., Chicago, IL, USA).
2.3. Mixed major gene plus polygene inheritance analysis
Genetic analysis of the DH population and parental lines was
performed according to mixed major gene plus polygene inheri-
tance analysis (Gai et al., 2003). The distribution parameters were
estimated using the maximum likelihood method based on the iter-
ated expectation conditional maximization (IECM) algorithm. The
optimal model was  determined according to the Akaike informa-
tion criterion (AIC) and a series of ﬁtness tests. Then, the ﬁrst-order
and second-order genetic parameters were estimated by using a
least-squares method in the optimal model.
2.4. DNA extraction and molecular marker analysis
A modiﬁed CTAB method (Murray and Thompson, 1980) was
used to extract genomic DNA from all DH lines and parental lines.
The DNA concentrations were determined using a spectropho-
tometer (BioDrop, UK) and diluted to a working concentration of
40–50 ng/L.
Brieﬂy, 2170 pairs of SSR primers designed from the sequence
scaffolds in the genomic database for Brassica oleracea (http://
brassicadb.org) (Wang et al., 2012; Liu et al., 2014) and 149 pairs
of InDel primers based on re-sequencing data from cabbage lines
(Su et al., 2015) were used to scan for polymorphisms between the
two parents.
Each 15-L PCR reaction mixture contained 2 L of DNA  tem-
plate (40–50 ng/L), 1.5 L of 10 × PCR buffer (Mg2+ included),
1.2 L of dNTP (2.5 M),  0.5 L of the forward primer (10 M),
0.5 L of the reverse primer (10 M),  0.15 L of Taq DNA poly-
merase (5 U/L) and 9.15 L ddH2O. Reactions were performed in a
thermal cycler as follows: 94 ◦C for 5 min; 35 cycles of 94 ◦C for 30 s,
55 ◦C for 30 s and 72 ◦C for 45 s; and ﬁnally, 72 ◦C for 7 min. The PCR
4-5 with oblate heads; (B) The male parent 01-88 with round heads. Bar = 5 cm.
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roducts were separated by 8% polyacrylamide gel electrophoresis
PAGE) running at 165 V for 1.5 h followed by silver staining.
.5. Linkage map construction and QTL analysis
For each marker, alleles matching 24-5 (P1) were recorded as “a”,
nd alleles matching 01-88 (P2) were recorded as “b”. Genetic dis-
ances between markers were calculated by the Kosambi mapping
unction (Kosambi, 1943). The genetic map  was constructed using
oinMap 4.0 (Van Ooijen, 2006). The linkage groups were assigned
o chromosomes C1 to C9 of B. oleracea based on markers shared
ith the reference (Wang et al., 2012; Su et al., 2015). QTLs were
etected by inclusive composite interval mapping (ICIM) using QTL
ciMapping v3.0 (Li et al., 2007). Logarithm (base 10) of odds (LOD)
hresholds were calculated for a type I error rate of 0.05. Interval
apping at 1-cM intervals along the chromosomes was  then used
o scan for QTLs based on the LOD threshold. The speciﬁc method
or QTL analysis was performed according to Su et al. (2015).
. Results
.1. Production of DH population and phenotypic assessment
From 2009 to 2012, a DH population containing 130 lines from F1
24-5 × 01-88) plants was constructed through isolated microspore
ulture. The phenotypic characteristics of the parental lines, F1
lants, RF1 plants and the DH population were investigated in two
ears (2013 and 2014). The traits data indicated that Htd and Hsi
xhibited signiﬁcant differences between the parental lines, which
ig. 2. Frequency distribution of head transverse diameter and head shape index in DH f
nd  head shape index of the parental lines and F1 lines.
able 1
tatistical analysis of Hvd, Htd and Hsi for the parents, F1, RF1 plants, and the DH populat
Year Traits Parents, F1 and RF1
24-5 01-88 F1
2013 Hvd (cm) 13.10 ± 0.17a 13.90 ± 0.51a 16.70 ± 0.42b 16
Htd  (cm) 21.8 ± 0.17b 12.2 ± 0.21a 21.0 ± 0.93b 2
Hsi  0.60 ± 0.01a 1.14 ± 0.04c 0.80 ± 0.02b 0
2014 Hvd  (cm) 15.70 ± 0.11a 15.40 ± 0.26a 15.50 ± 0.36a 15
Htd  (cm) 22.2 ± 0.12b 13.8 ± 0.17a 21.9 ± 0.36b 2
Hsi  0.69 ± 0.02a 1.12 ± 0.14c 0.68 ± 0.01a 0
alues followed by the same letters exhibit no signiﬁcant difference (P < 0.05) according to
iameter, Hsi – head shape index (the ratio of Hvd to Htd).lturae 207 (2016) 82–88
was consistent with the oblate heads in 24-5 and blunt-pointed
heads in 01-88. For Hvd, no signiﬁcant difference was  observed
between 24 and 5 and 01-88 in either year (Fig. 2; Table 1). Hvd,
Htd and Hsi in the F1 and RF1 plants were not signiﬁcantly different
from one another, indicating that no cytoplasmic genetic effect was
present in cabbage, and the values were intermediate to those of
the parental lines but tended toward 24-5 (oblate head). For the DH
population, Htd and Hsi exhibited continuous variation, and both
skewness and kurtosis values were less than 1.0, suggesting that
the traits were approximately normally distributed and suitable
for the QTL analysis.
3.2. Mixed major gene plus polygene inheritance analysis
AIC Scores of 38 speciﬁc models were obtained following IECM
estimation, and three candidate models were selected according to
the smaller AIC criterion (S1 Table). Fitness tests, including the 2
uniformity test (U12, U22, and U32), Smirnov’s test (nW2), and Kol-
mogorov’s test (Dn), were performed for both years (S2 Table). The
results indicated that the E-1-5 model, with the fewest signiﬁcant
parameters, was the optimal genetic model for Htd in 2013 and
2014. In this model, Htd was controlled by two  independent major
genes and polygenes with recessive-epistatic effects (S3 Table).
Following the same method, we selected the E-2-6 model as the
optimal genetic model for Hsi in 2013 and 2014. In this model, Hsi
was controlled by two  major genes and polygenes with cumula-
tive effects. Thus, the genetic analysis results for Htd and Hsi were
consistent in the two  years.
amilies in 2013 and 2014. The arrows indicate the mean head transverse diameter
ion in “24-5” × “01-88” in 2013 and 2014.
DH populations
RF1 Mean SD Variation Kurosis Skewness
.50 ± 0.50b 14.69 2.25 10.50–22.00 −0.32 −0.34
0.5 ± 0.35b 17.29 2.77 12.50–23.80 0.29 −0.44
.81 ± 0.04b 0.85 0.16 0.62–1.37 0.48 0.88
.80 ± 0.28a 15.20 2.32 12.00–23.50 −0.36 −0.32
2.1 ± 0.32b 18.50 2.82 13.30–26.80 0.24 −0.22
.71 ± 0.02b 0.83 0.14 0.60–1.30 0.36 0.74
 Duncan’s multiple range tests. Hvd – head vertical diameter, Htd – head transverse
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The ﬁrst- and second-order genetic parameters of the optimal
odels were calculated using the least squares method (Table 2). In
013, the mean value of Htd was 17.75. The additive effects of two
airs of major genes were 1.69 and −1.58, and no interaction effects
xisted between them. The heritabilities of the major genes and
olygene were 52.90% and 20.45%, respectively. The mean value of
he Hsi was 0.85. The additive effects of two pairs of major genes
ere −0.26, and the interaction effects of two pairs of major genes
ere 0.01. The heritabilities of the major genes and polygene were
0.00% and 40.00%, respectively. Similar tendencies were observed
or Htd and Hsi in 2014.
.3. Construction of linkage map
380 pairs of SSR primers and 58 pairs of InDel primers exhibited
olymorphisms between parents using a total of 2170 pairs of SSR
rimers and 149 pairs of InDel primers were used to screen for poly-
orphisms between the parental lines. Ultimately, 149 (6.9%) pairs
f SSR primers and 48 (32.2%) pairs of InDel primers with reliable
CR products were selected to use for mapping in the DH population
fter removing ambiguous markers. Using JoinMap 4.0 with a LOD
hreshold of 4.0, we constructed a linkage map  containing nine link-
ge groups (LGs) covering a total genetic distance of 866.2 cM,  with
 4.4 cM average interval length between markers (Fig. 3; Table 3).
he markers (149 SSR, 48 InDel) were evenly distributed across the
ine linkage groups, which could be anchored to their correspond-
ng reference chromosomes according to the physical positions of
arkers used in this study. Of the nine linkage groups, the longest
ne, LG1 (182.9 cM), was  on chromosome 3, and the shortest one,
G4 (40.4 cM), was on chromosome 7. LG1 had the highest number
f markers (42) and LG9 had the fewest markers (12). The average
ap  distance between markers (7.56 cM)  was maximal on LG8, and
he average map  distance (1.84 cM)  was minimal on LG4.
.4. QTL analysis for head shape traitsUsing QTL IciMapping v3.0 software with ICMC methods, a total
f fourteen QTLs associated with head shape were detected, and
hey were distributed across seven chromosomes (Fig. 3; Table 4).
able 2
stimates of genetic parameters for Htd and Hsi in 2013 and 2014.
Year Model Traits 1st order parameter 
m da db i 
2013 E-1-5 Htd 17.75 1.69 −1.58 – 
E-2-6  Hsi 0.85 −0.26 −0.26 0.01 
2014 E-1-5  Htd 17.76 1.66 −1.64 – 
E-2-6  Hsi 0.82 −0.27 −0.27 0.01 
: Average; da, db Additive effects of the ﬁrst and second major genes; i: The epistatic effe
olygenic variance; mg2: Major gene variance; e2: Environmental variance; hmg2(%): M
able  3
haracteration of the genetic map  in a cabbage using a DH population.
Chromosome Linkage group Length (cM) Number of
markers
Number of
markers
C1 LG5 145.9 23 16 
C2  LG3 71.7 24 19 
C3  LG1 182.9 42 30 
C4  LG9 70.6 12 9 
C5  LG2 76.6 22 14 
C6  LG8 113.4 15 11 
C7  LG4 40.4 22 19 
C8  LG6 81.9 19 14 
C9  LG7 82.8 18 17 
Total  9 866.2 197 149 lturae 207 (2016) 82–88 85
Eight QTLs for Htd were identiﬁed on chromosomes 3–8, and
the effect sizes of the QTLs ranged from 5.26 to 31.19%. Most of
the alleles that increased Htd were derived from 24 to 5. Two
major QTLs, Htd 3.1 and Htd 8.1, were detected in both years,
explaining 19.16–24.56% and 11.24–21.55% of the phenotypic vari-
ation, respectively. Htd 3.1 was  located between markers SF28408
and Indel30. Htd 8.1 was  located between markers SF36971 and
SF22889. The other six QTLs were detected only in one year. Of
these, Htd 7.1 and Htd 7.2 explained 31.19% and 30.78% of the phe-
notypic variation, respectively.
Six QTLs for Hsi were detected on chromosomes 2, 4, 7 and 8,
and the effect sizes of the QTLs ranged from 8.91 to 24.93%. Two
major QTLs, Hsi 7.1 and Hsi 7.2,  overlapped the loci controlling Htd,
explaining 22.30–24.93% and 14.85–16.79% of phenotypic variation
in the two years, respectively. Hsi 7.1 exhibited a positive additive
effect, and Hsi 7.2 exhibited a negative additive effect. A minor locus,
Hsi 4.1, was also identiﬁed in both years, explaining 8.91% and 9.93%
of phenotypic variation. Hsi 2.1 and Hsi 2.2,  two  close loci, were
identiﬁed in the different years.
4. Discussion
The shape of the head or fruit is an important agronomic trait
or commodity quality that is considered by both breeders and
consumers. Only we understand the genetic rules and regulatory
mechanisms related to head (fruit) shape traits, can we breed new
varieties with different shapes to satisfy different requirements of
consumers.
4.1. Genetic analysis
Previous studies have demonstrated that the inheritance of
traits related to head shape in cabbage is very complicated.
Head vertical diameter and head transverse diameter are super-
dominant and controlled by multiple genes; the heritability of head
transverse diameter and head shape index is high, and the heri-
tability of head vertical diameter is low (Fang et al., 2011; Lei et al.,
1994; Wang et al., 2013). Moreover, for cabbage, head shape index
varies according to planting season and irrigation time, but it is
independent of planting density (Radovich et al., 2005; Wszelaki
2nd order parameter
p2 mg2 pg2 e2 hmg2 (%) hpg2 (%)
7.58 4.01 1.55 2.02 52.90 20.45
0.02 0.01 0.01 0.01 30.00 40.00
8.64 4.04 2.98 1.62 46.76 34.49
0.03 0.01 0.01 0.01 33.33 36.67
ct of additive × additive between two major genes; p2: Phenotypic variance; pg2:
ajor gene heritability; hpg2(%): Polygenic heritability; –: not identiﬁed.
 SSR Number of
InDel markers
Minimum map
distance (cM)
Maximum map
distance (cM)
Average map
distance (cM)
7 2.7 15.4 6.34
5 0.4 11.6 2.99
12 0.8 13.9 4.35
3 3.3 13.2 5.88
8 0.4 10.8 3.48
4 19.4 10.8 7.56
3 1.1 4.2 1.84
5 3.5 10.8 4.31
1 1.8 10.6 4.60
48 – – 4.40
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cM)  to the left of each linkage group. Locations of QTLs are indicated by names, ba
hape  index.Arrows indicate the relative of the 24-5 allele with upward for increasi
nd Kleinhenz, 2003). The results indicate that the head shape of
abbage is not only controlled by genes but also by the environ-
ent.
In this study, the measurements of Htd and Hsi exhibited an
pproximately normal distribution, indicating that these traits
ere quantitative characteristics controlled by multiple genes. The
ame phenomenon has been documented in the fruit shapes of
omato, pepper, eggplant, and cucumber (Chaim et al., 2001; Cong
t al., 2008; Yuan et al., 2008; Qiao et al., 2011). Genetic research on
uantitative traits is complicated due to the fact that quantitative
raits are controlled by multiple genes and are easily affected by the
nvironment. Traditional methods can detect the overall genetic
nd environmental effects, but they cannot be used to analyze
he genetic effects of a single gene. Advances in joint segregation
nalysis have created new ways to understand the genetic laws
f quantitative traits. The method has been applied in the genetic
nalysis of some important agronomic traits in crops (Cheng et al.,
011; Zhang et al., 2013; Liang et al., 2014). In our study, the results
ndicated that Htd and Hsi were controlled by two pairs of major
enes and a polygene, according to segregation analysis of the DH
opulation. The heritability of the major gene ranged from 25.04 to
2.90%. Speciﬁcally, Htd had medium heritability, and Hsi had lowH population. Marker locations are listed to the right and recombination distances
 arrows to the right of the linkage groups. Htd head transverse diameter,Hsi head
 downward for decreasing.
heritability, which were not agree with the report by Fang et al.
(2011). Moreover, the inheritance of Htd was  dominant, consis-
tent with the result of Lei et al. (1994). Su et al. (2015) identiﬁed
signiﬁcant positive correlations between Hsi and Hvd, and signiﬁ-
cant negative correlations were detected between Hsi and Htd. The
highest correlation was 0.79 between Hvd and Htd, indicating the
possible existence of a common form of genetic control for these
traits.
4.2. Construction of the linkage map
Genetic maps are very useful in inheritance research, gene map-
ping and function analysis (Lv et al., 2014). To date, more than
twenty cabbage linkage maps with different kinds of DNA mark-
ers have been constructed, mainly based on F2 populations derived
from inter-subspecies crosses. Among the markers, InDels have
many advantages over SSRs and single nucleotide polymorphisms
(SNPs). These markers are easily obtained through bioinformatic
methods, they produce more reliable electrophoresis bands, and
they greatly reduce genotyping errors (Väli et al., 2008). However,
InDels are rarely used in cabbage linkage map construction. In
our study, we  designed SSR and InDel primers based on the ref-
X. Zhang et al. / Scientia Horticulturae 207 (2016) 82–88 87
Table  4
Identifcation of QTLs associated with Htd and Hsi in cabbage using a r DH population in two years.
Traits QTLa Chr.b Position (cM) LOD Marker interval R2 (%)c Addd
13 Htd Htd 3.1 C3 47.0 5.56 SF28408-Indel30 19.16 0.84
Htd  4.1 C4 9.0 3.37 Indel58-SF4963 7.19 0.90
Htd  6.1 C6 56.0 2.67 Indel89-SF17311 5.26 0.63
Htd  7.1 C7 22.0 12.76 SF50798-SF4304 31.19 −1.86
Htd  7.2 C7 37.0 11.31 SF10390-SF16872 30.78 1.75
Htd  8.1 C8 33.0 8.45 SF36971-SF22889 21.55 1.28
14  Htd Htd 3.1 C3 47.0 9.41 SF28408-Indel30 24.56 1.45
Htd  3.2 C3 71.0 4.63 SF17169-SF5260 11.73 −1.03
Htd  5.1 C5 8.0 4.88 Indel63-SF12485 11.75 1.01
Htd  8.1 C8 32.0 4.72 SF36971-SF22889 11.24 0.98
13  Hsi Hsi 2.1 C2 62.0 6.52 SF26977-SF10590 13.2 −0.06
Hsi  4.1 C4 22.0 5.60 SF51081-SF4141 9.93 −0.05
Hsi  7.1 C7 12.0 9.60 Indel112-SF5967 22.30 0.09
Hsi  7.2 C7 22.0 6.60 SF50798-SF4304 14.85 −0.07
14  Hsi Hsi 2.2 C2 51.0 6.80 SF10172-SF11699 14.88 −0.06
Hsi  4.1 C4 22.0 4.92 SF51081-SF4141 8.91 −0.04
Hsi  7.1 C7 12.0 10.60 Indel112-SF5967 24.93 0.10
Hsi  7.2 C7 22.0 7.82 SF50798-SF4304 16.79 −0.08
Hsi  8.1 C8 47.0 5.51 SF25086-Indel126 10.70 −0.05
a QTL names are trait names followed by chromosome numbers and positions.
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eb Chromosome number.
c Proportion of the phenotypic variation explained by each QTL.
d Additive effect: positive and negative values indicate that parental lines 24-5 an
rence genome sequence and whole-genome re-sequencing data
rom two other backbone cabbage lines (Su et al., 2015). We  then
onstructed a genetic map  using 130 DH lines derived from an intra-
ubspecies cross. The genetic map  contained 197 markers (149
SRs, 48 InDels) with nine linkage groups covering a total genetic
istance of 866.2 cM and an average interval length of 4.4 cM.  The
arkers were relatively evenly distributed across the nine chromo-
omes. Compared with recently published genetic maps (Lv et al.,
014; Su et al., 2015), the generated map  in our study had lower
ensity. Therefore, future work still needs to be performed to con-
truct a high-density map  by increasing the number of markers and
nalyzing more populations.
.3. QTL research in cabbage
The continuous development of molecular markers and con-
truction of genetic maps in Brassica lays the foundation for QTL
apping and marker-assisted selection (MAS) in cabbage. To date,
TL research in cabbage has mainly focused on disease resistance
Nagaoka et al., 2010; Pu et al., 2012), bolting and ﬂowering time
Okazaki et al., 2007; Uptmoor et al., 2008), and quality-related
raits (Broadley et al., 2008). Despite the importance of traits related
o cabbage head shape, few QTL studies for these traits have been
eported. Here, for the ﬁrst time, we found QTLs associated with
he traits of head transverse diameter and head shape index in a
H population based on trait data collected over the course of two
ears. In total, 14 QTLs were detected on 6 chromosomes, and 10
TLs had contribution rates greater than 10%. In addition, 5 QTLs
ere identiﬁed in both years. Two major QTLs were related to Htd
n both years, Htd 3.1 and Htd 8.1,  and these QTLs were identiﬁed on
hromosomes 3 and 8, respectively. These results were consistent
ith the results of the genetic analysis; Htd was controlled by two
ndependent major genes and polygenes with recessive-epistatic
ffects. Two major QTLs related to Hsi in both years, Hsi 7.1 and
si 7.2, were identiﬁed on chromosome 7, which was  consistent
ith the results of the genetic analysis because Hsi was  controlled
y two linkage major genes and polygenes with cumulative effects.
owever, the directions of the additive effects of major genes were
ot completely consistent. For example, Htd had negative additive
ffects, but the additive effects of the QTLs for Htd were in the88, respectively, bear the Htd- and Hsi-enhancing alleles.
opposite direction. This ﬁnding may  be related to the selection of
estimated parameters for genetic models or types of genetic maps;
the development of integrated mapping may  lead to improved QTL
analysis (Liang et al., 2014). In our study, results from QTL mapping
and classical genetic analysis in both years were partially consistent
and complemented each other. Moreover, from the positions of the
QTLs, one active region was  located at SF50798-SF4304 on chromo-
some 7. Two  QTLs, Htd 7.1and Hsi 7.2 were identiﬁed at this locus,
which were associated with Htd and Hsi. We  hypothesized that
the region may  contain some key loci affecting head shape in cab-
bage, which might provide a good foundation for further research
on traits related to head shape at the molecular level. Thus, further
work still needs to be performed to understand the genetic control
of head shape traits in cabbage.
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